Abstract
Introduction
Waves in the EUV are commonly observed phenomena in the solar corona thanks to the high resolution, high cadence multi wavelength observations by SDO/AIA. The observations of EUV waves in the corona were recently reviewed by Liu and Ofman (2014) and Wang (2016) . Since first observation of propagating intensity disturbances (PDs) in white light polarized brightness along coronal plumes (e.g., Ofman et al., 1997) , such phenomena were commonly detected in plumes (see review by Banerjee and Krishna Prasad (2016) ) and in large, quiescent coronal loops by different space instruments including SOHO/EIT (DeForest and Gurman, 1998) , TRACE (De Moortel et al., 2000) , Hinode/EIS (Wang et al., 2009; Kitagawa et al., 2010) , SDO/AIA (Krishna Prasad et al., 2012a,b; Uritsky et al., 2013) . PDs often appear in the loops near the edge of active regions and seen as small, by few percent, amplitude changes in EUV intensity, and were found to propagate at approximately the local sound speed.
PDs observed in coronal loops are generally quasi-periodic with periods of the order of a few minutes ranging in 2.5 -9 min (De Moortel, 2009 ). The phenomena of PDs observed both in coronal plumes and in large fanlike coronal loops were interpreted as slow magnetosonic waves (Ofman et al., 1999; Robbrecht et al., 1999; Nakariakov et al., 2000) . In addition, Doppler shift oscillations were first observed with SOHO/SUMER in hot (>6 MK) flaring loops , and were interpreted as standing slow-mode waves (Ofman and Wang, 2002) .
The trigger of hot loop oscillations was found to be associated with high-speed (200-300 km/s) flow pulses, which were likely produced by small (or micro-) flares at the footpoints (Wang et al., 2005) .
Observations of coronal waves and loop oscillations are important for a new rapidly developing research area, coronal seismology (see the review by Nakariakov et al., 2016 , and references therein), which aims to infer physical parameters of the solar atmosphere from observations of coronal waves. Methods of coronal seismology may provide information on the corona magnetic field e.g., Nakariakov and Ofman (2001) ; Nakariakov and Verwichte (2005) and dissipation coefficients in coronal plasma (e.g., Wang et al., 2015) . Slow magnetoacoustic waves can provide a significant contribution to the heating of coronal loops (Tsiklauri and Nakariakov, 2001 ). In particular, PDs are believed to be driven below the corona making this phenomenon important for studies of the connection between the corona and chromosphere/transition region (De Moortel et al., 2002) . Recently, the origin of magnetoacoustic waves observed above sunspots was identified from p-mode helioseismic waves traveling upward through different atmospheric levels (Zhao et al., 2016) . By using seismology techniques, the sunspot waves have been applied to determine the coronal magnetic field strength (Jess et al., 2016) .
However, the interpretation of PDs in non-sunspot loops is still controversial. The main reason is that these PDs were discovered to be associated with high-speed (∼50 km/s) outflows with the quasi-periodic features, and so have been alternatively interpreted as periodic upflows (or jets) by several authors (De Pontieu and McIntosh, 2010; Tian et al., 2011) . Recognition of the true nature of PDs is crucial to their seismological application and to understand their role in coronal heating and mass supplies. Some 3D MHD simulations have shown that quasi-periodic outflows injected at the footpoints of coronal loops inevitably generate slow magnetoacoustic waves propagating upwards along the loop (Ofman et al., 2012; Wang et al., 2013) . The simulated flows de-celerate with height rapidly, suggesting that the observed PDs at higher corona (r 1.2R S ) are due to slow magnetosonic wave features.
Despite of numerous works on observations and theory of propagating slow magnetoacoustic waves in coronal loops, it is still not completely understood what are the driving mechanisms and what processes cause a rapid damping of slow waves in the corona. Amplitudes of waves show rapid decay as they travel outward along the loop with the decay time of the order of minutes.
Recent studies indicate that observed wave damping is frequency-dependent (Krishna Prasad et al., 2014; Mandal et al., 2016) . The observed propagation velocities and damping lengths of slow waves are also temperature-dependent (Krishna Prasad et al., 2012b; Uritsky et al., 2013) . Several theoretical studies showed that dissipative processes of thermal conduction, compressive viscosity, radiative cooling and effect of magnetic field divergence can lead to a decay of amplitude of propagating slow magnetoacoustic waves. High thermal conduction in hot coronal loops with temperature ∼6 MK results in rapid damping of slow waves on timescales on the order of wave period (Ofman and Wang, 2002) .
Other studies by Porter et al. (1994) ; Nakariakov et al. (2000) ; De Moortel and Hood (2003); Klimchuk et al. (2004) also found that thermal conduction is the dominant damping mechanism for slow waves in the coronal loops while other processes and effects have smaller contribution. However thermal conduction process alone does not account for the observed damping (Sigalotti et al., 2007) .
Coronal radiative losses are small compared to the energy losses due to thermal conduction. For typical quiescent corona (T = 1 M K, n = 10 9 cm −3 ) characteristic time of radiative cooling is about 30 minutes, while for thermal conduction the timescale is in the order of few seconds. Several studies showed that in certain plasma parameters cooling can significantly affect propagation of magnetoacoustic waves in coronal loops. Al-Ghafri et al. (2014) showed that under certain assumptions, the period of standing slow waves increases due to the cooling. Cooling affects waves differently in the loops of different temperatures.
In cooler loops (below 1 M K) cooling leads to the wave amplification increasing its amplitude. In very hot 6 MK loops cooling causes an enhancement of wave damping (which is mainly due to thermal conduction). Bradshaw and Erdélyi (2008) considered the effects of radiative cooling on damping of standing slow waves in the model loop that extends from the chromosphere to the corona through the transition region. It is expected that in the transition region, where plasma is denser than in the corona and contains some of the most strongly emitting ions, wave energy would efficiently radiate away. They showed that radiative emission arising from a non-equilibrium ionization balance reduces the damping timescale in comparison to the equilibrium case by up to 10%.
We are motivated by the association of observed PDs with recurrent outflows at the coronal base, and their temperature dependence in propagation speed and decay length, and aim to determine a role of different dissipation processes in damping of magnetoacoustic waves in loops with different plasma parameters, e.g. cooler quiescent loops and hotter flaring loops, in a three-dimensional (3D)
geometry. In this work we study the flow-generated waves for probing the physical properties of PDs and the effects of optically thin radiative cooling on the simulated PDs in coronal loops. In our model PDs are driven by the hot, pulsed upflows at the loop footpoints. Hot plasma upflows or jets could be originated in nanoflares at the base or below the corona. We expand the previous isothermal studies by Ofman et al. (2012) and Wang et al. (2013) of propagating slow waves in coronal loops by including a full energy equation
in the 3D MHD model. This improvement allows us to study thermodynamic evolution of PDs such as due to radiative cooling and thermal conduction in a 3D geometry. Focusing on the effects of radiative cooling in this paper, we leave the study of thermal conduction effects that are more challenging for the numerical implementation for the future study.
MHD model for waves in coronal loops
To model plasma dynamics in a 3D dipole active region we solve the timedependent MHD equations including effects of gravity, resistivity and cooling due to radiative losses from optically thin plasma. The MHD equations are written in the dimensionless form:
Here E is the total energy density
Temperature in the quiescent corona changes gradually with height resulting in nearly isothermal structure (Aschwanden, 2005) . For simplicity in the energy equation we neglect the explicit heating terms and assume polytropic index γ = 1.05 to model the effects of heating of coronal plasma. The implied heating may also reduce the magnitude of the temperature decrease due to the radiative cooling. This empirical value of γ produces gradually decreasing temperature with height profile. This value is commonly used in global MHD models of the corona and solar wind (Mikić et al., 1999; Cohen et al., 2007) and in global multi-fluid models . Using γ = 5/3 with explicit empirically obtained heating terms, radiative, and thermal conductive losses is an alternative approach, where the modeling of the heating is more direct -is the subject of a future study. In the above equations the gravity term F grav is modeled as
, assuming small hight of the active region compared to the solar radius, R S .
Governing dimensionless parameters appeared in the equations after normalization are Euler number Eu = The term Q rad in Equation (3) expresses the rate of losses of thermal energy due to optically thin radiative cooling and has the form
where Λ(T e ) is the radiative cooling function depending on the electron temperature, n e is the electron number density and
is a normalization constant. In our one-temperature model we assume equal temperatures for electrons and ions (considering protons only) T e = T i = T and plasma is quasi-neutral n e = n i = n. For plasma in temperature range 10 6 < T < 10 7 the radiative cooling function can be expressed in a power law form (Rosner et al., 1978) Λ(T e ) = 10 −18.66 1 T 1/2 ,
where T is in degrees Kelvin and Λ(T e ) is in ergs cm 3 s −1 . Heating function H = n 2 t=0 Λ(T t=0 ) in the energy equation is to balance radiative losses in the initial state of the system. Here n t=0 = n(t = 0, x, y, z) and T t=0 = T (t = 0, x, y, z) are initial density and temperature in a 3D domain. The initial density in polytropic atmosphere is given by
where for plasma velocity at z = z min in the area r ≤ 2ω 0 is the following:
where
Here r = (x − x 0 ) 2 + (y − y 0 ) 2 1/2
. The parameters are x 0 = 3.0, y 0 = 0 and ω 0 = 0.12. The function A v (t) sets a single pulse in the constant background:
where the parameters P = t 2 −t 1 = 30τ A , t 1 = 170τ A , t 2 = 200τ A , t max = 400τ A and A 0 = 0.01. The amplitude of the injected pulse is 0.02 which is subsonic.
Similar condition is set for the plasma temperature:
T c (0 < t < t 1 or t 2 < t < t max ), where T c = 0.5. For the quiet corona of T = 1 M K with magnetic field B = 100 G and density n = 1.38 × 10 9 cm −3 such conditions determine a steady plasma upflow along the loop with the velocity 60 km/s and temperature T = 1.5 M K at z = z min and a short-period subsonic injection of plasma with the velocity amplitude 120 km/s and temperature T = 2 M K.
Results and Discussion
Figure 2 shows snapshots of density difference ∆n = n − n t=0 in x-z plane at different times after the steady outflow is set up and hot velocity pulse is initiated. Such short-time hot plasma upflow (or jet) could be produced by reconnection at the loop footpoints in active region. The pulse generates a slow magnetoacoustic wave propagating along the loop. Propagating density disturbance associated with the slow wave is shown on Figure 2 . Figure 3 shows a time-distance diagram of density and temperature for a cut along the magnetic loop at the center of the area r ≤ 2ω 0 demonstrating a propagation of a slow wave generated by the jet at t = 170τ A . Behind the wave front, injected hot plasma material expands and propagates with the speed of At lower heights the speed exceeds the value of (V bg + c s ) due to the presence of the pulse with the velocity amplitude of 120 km/s. But in general the profile of the disturbance propagation speed agrees well with the estimation V bg + c s .
The comparison of speed profiles suggests that small-scale hot plasma upflows produce disturbances propagating along the magnetic loop which clearly show signatures of slow magnetoacoustic waves. While waves can propagate to high altitudes, the signatures of high speed plasma upflows are only seen at lower heights up to 10 Mm. These results are consistent with the previous study by Wang et al. (2013) .
To explore the effects of radiative cooling on propagating slow magnetoacoustic waves we compare two simulations, with and without the radiative cooling term (and balancing heating term) in the energy equation. Figure 5 shows the profiles of ∆n and ∆T along the magnetic loop at different times for two different simulations. It is seen that the effect of radiative losses is small and does not significantly change the amplitude of the disturbance and its propagation speed. (Aschwanden, 2005; Aschwanden and Terradas, 2008) . For hot flare loops with T ∼ 6M K the radiative cooling timescale is even larger τ rad ≈ 2 · 10 4 s. So one would expect that radiative cooling would not result in the effective damping of waves in hot flare loops if propagation time is of the order of the radiation timescale. We performed simulations with hot 6 M K loops (Ofman et al., 2012) and confirmed that the effect of radiative cooling appears to be negligible. 
Conclusion and Future Work
Observations of propagating disturbances in coronal loops in EUV show a rapid decrease of their amplitudes with height with damping timescales on the order of minutes. While a number of previous works, mostly restricted to 1D models, suggested that the dominant damping mechanism for PDs in the corona is thermal conduction, that process alone can not account for the observed damping timescales. To quantify a contribution of various dissipation processes, such as thermal conduction, radiative cooling and compressive viscosity, it is required to study excitation and propagation of the disturbances in a 3D model of active region with realistic profiles of the coronal plasma parameters. In this work we focused on the effects of optically thin radiative losses on propagating slow magnetoacoustic waves in coronal loops induced by hot plasma inflows at the base of the corona. We leave a study of thermal conduction effects that are more challenging for the numerical implementation for the future work.
The presented model expands previous isothermal studies of damping of injected slow magnetosonic waves in a model active region developed by Ofman et al. (2012) and Wang et al. (2013) . We improved our 3D MHD model by including full energy equation accounting for losses of thermal energy by radiation in this particular study. The model now allows us to model more realistically the excitation of waves by hot plasma uplows originated by flares and study the thermal effects on the evolution of slow waves in coronal loops. We studied an excitation and propagation of slow magnetoacoustic waves in a 3D dipole active region in the corona with gravitationally stratified density and temperature obtained from polytropic equation of state with γ = 1.05. We modeled an impulsive small-scale injection of hot plasma into the steady plasma outflow along the loops of different background temperatures, e.g. quiescent loops (T ∼ 1 M K) and flare loops (T ∼ 6 M K). We confirm the conclusions of Ofman et al. (2012) and Wang et al. (2013) that injection of flows (pulse) at the loop's footpoint inevitably excite magnetoacoustic waves propagating upward to the high corona.
This supports the interpretation of observed PDs (at least at high corona) by slow-mode waves. We explored the effects of optically thin radiative cooling on propagating slow magnetoacoustic waves by comparing simulations with a without the radiative cooling term in the energy equation. Results showed that radiative cooling has a small effect on slow waves decreasing the amplitude of temperature oscillations by a few percent in the case of 1 MK loops. The effect for 6 MK loops is negligible. The propagation time of a slow wave with phase speed ∼ 170 km/s in a 1 MK loop with length 200 M m is τ w ≈ 10 3 s which smaller or comparable to the radiative cooling timescale τ rad ≈ 3 · 10 3 s. For hotter loops the radiative timescale is larger by the order of magnitude. These estimates show that one should expect the radiative cooling not to cause an effective damping of slow magnetoacoustic waves in the corona due to rather long timescales for losses of energy due to radiation. Our conclusion agrees with the previous 1D study by De Moortel and Hood (2004) .
Several previous studies Ofman and Wang (2002); De Moortel and Hood (2003) showed that thermal conduction could be an important dissipation mechanism of slow magnetosonic waves in the coronal loops. The present model does not include explicit effects of thermal conduction and coronal heating (often modeled by using an empirical heating function) -this extension of the model will be the focus of a future study. Including thermal conduction in the 3D MHD model will also allow us to perform parametric studies and explore damping rates for various thermal conductivities, including recently found suppressed thermal conduction in hot flaring loops Wang et al. (2015) .
De Moortel and Hood (2004) showed that damping rate of slow waves in coronal loops is sensitive to the magnetic field geometry and gravitational strat- 
